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ABSTRACT

Indium nitride (InN) is identified as a promising
terahertz (THz) emitter based on the optical and electronic
properties of high quality In- and N-face samples. Time
domain THz spectroscopy has been employed to measure
the pump wavelength and background carrier
concentration dependence of THz emission from InN.
There is no discernable difference between the In- and N-
face InN samples, as expected for the improved
crystalline quality and concomitant low background
electron density and high mobility for both polarities.
While there is only a weak dependence of THz signal on
pump wavelength from 800 nm to 1500 nm, there is a
strong dependence on background -electron density.
Modeling shows that the dominant mechanism for THz
generation in bulk InN is the current associated with the
diffusion of the photo-generated electrons at elevated
electron temperature (photo-Dember effect) and the
redistribution of the background electrons under drift,
with larger screening from the higher mobility electrons
as compared to holes. Compensation or p-type doping in
conjunction with manipulation of the large internal
electric fields in InN/InGaN nanostructures should lead to
significant improvements in THz emitters.

1. INTRODUCTION

The terahertz region of the electromagnetic spectrum,
lying between microwave frequencies (100 GHz) and
photonic frequencies (30 THz), is a potentially important
region for important Army applications such as rapid
identification of explosive devices (Barber et al., 2005,
Shen et al., 2005), chemical and biological agents
(Samuels et al., 1999, Markelz et al., 2000, Woolard et al.,
2002, Globus et al, 2003, Liu et al, 2004), and
identification/imaging of concealed objects and through
obscurants (Federici et. al., 2005). In spite of its potential,
the THz regime remains one of the least explored portions

of the electromagnetic spectrum, in part because of the
difficulty in efficiently generating and detecting terahertz
radiation. There are two approaches to generating
terahertz radiation that have found some success. One
approach uses optical pulses of ~ 100 fs duration to
produce broadband radiation from semiconductors via
acceleration of photogenerated charge, dynamic field
screening, optical rectification, or photo-Dember effect
(Zhang et al., 1990, Turchinovich et al., 2003, Liu et al.,
2006). Narrow band radiation can also be created through
the mixing of quasi-CW lasers separated in frequency by
the desired terahertz difference frequency in a
semiconductor photomixer (Bjarnason et al., 2004).
Traditionally, optically generated THz systems utilize
femtosecond mode-locked Ti-sapphire lasers or CW
lasers with a wavelength near 800 nm. Significant
advantages associated with the use of telecommunications
grade optoelectronics and compact fiber lasers could be
gained in cost, size, weight, efficiency, and field
deployability by shifting the wavelength to 1550 nm if an
appropriate narrow bandgap semiconductor THz source
were available.

With a bandgap below 0.7 eV (Wu et al., 2002,
Gallinat et al., 2006, Koblmiiller et al., 2006), InN is an
attractive material amenable to 1550 nm phtoexcitation
that has not been extensively explored for THz
applications. Manipulation of the large internal electric
fields in InN/InGaN nanostructures should enable one to
far surpass the state-of-the-art in THz emitters. Unlike
conventional III-V semiconductor compounds, III-V
nitride semiconductors have a wurtzite crystal structure.
Waurtzite is a polar structure that can support a significant
spontaneous polarization even in the absence of any
external field or strain. In InN/GalnN multiple quantum
wells (MQWs), the termination of the spontaneous
polarization at the well/barrier interfaces can lead to a
large built-in electric field in InN that points in the growth
direction. This internal field can be further enhanced by
the piezoelectric field in the strained heterostructure, and



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
01 NOV 2006 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Indium Nitride: A New Material for High Efficiency, Compact, 1550 nm
L aser-Based Terahertz Sourcesin Explosives Detection and Concealed
Weapons Imaging 5c. PROGRAM ELEMENT NUMBER

5b. GRANT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

U.S. Army Resear ch Laboratory, Sensorsand Electron Devices REPORT NUMBER

Directorate, AM SRD-ARL-SE-EM 2800 Powder Mill Road, Adelphi, MD

20783

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

See also ADM002075., The original document contains color images.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE UU 31
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



the combination of these effects is predicted to create
fields about an order of magnitude larger than
conventional III-V materials (Bernardini et al., 1997). For
example, we have calculated that an InN/Gag,lnggN
MQW with 2 nm well width will have a field greater than
2 MV/cm. While the THz radiation field is proportional to
the number of photoexcited carriers under low excitation
conditions, one can readily gauge the importance of the
enhanced internal electric field by considering the MQW
structure as a nanoscale capacitor, with the energy
transfer from the excitation pulse to the THz pulse
mediated by the partial or complete discharge of the
nanocapacitor. Therefore the maximum THz pulse energy
is limited by the electrostatic energy stored in the
nanocapacitor, U=1/2 ggoAdF%, where g, is the static
permittivity, A is the area, d is the effective width of the
capacitor, and F is the electric field inside the capacitor.
This simple relation therefore shows that the large internal
electric field in InN/GalnN MQWs should yield a
significant enhancement in the efficiency of THz
generation when the sample is excited by short optical
pulses in the fs fiber laser spectral region (1550 nm, 1030
nm). In addition, for CW THz generation obtained from
the mixing of two frequency offset CW lasers, 1550 nm
operation is advantageous because the photomixing
conversion factor (e/hv)” is about four times higher than it
is at GaAs wavelengths (A <850 nm). This result
combined with the high saturation velocity (> 1.5 X
10’cm/s) (Liang et al., 2004), large intervalley spacing
(2.7 eV) to confine carriers within the high mobility
gamma valley, short carrier lifetime, and potentially high
breakdown voltage in InN should lead to up to an order of
magnitude higher efficiency InN-based sources compared
with the commonly employed arsenides.

In this paper, we report on the development of InN as
a potential narrow bandgap semiconductor source of THz
radiation under 1550 nm fs or CW laser excitation. The
growth, optical, and electronic properties of optimized In-
and N-face InN are presented. Femtosecond pulses
tunable between 800 nm and 1500 nm are used to
generate THz radiation from this optimized InN. These
results are evaluated within the context of similar data
obtained from p-InAs, the best known THz surface
emitter, using drift-diffusion equations incorporating
momentum conservation and relaxation.

2. GROWTH AND PROPERTIES OF HIGH
QUALITY INDIUM NITRIDE

High quality In-face and N-face InN samples have
been grown by plasma-assisted molecular beam epitaxy.
The In-face InN samples were grown on Ga-polar GaN
templates using GaN buffer layers grown in the Ga
droplet regime, which significantly improved the surface
morphology of the InN layers (Gallinat et al., 2006). The

N-face InN samples were grown on free-standing N-face
GaN or C-face 6H-SiC substrates (Koblmiiller et al.,
2006). Growth on the N-face exhibits higher thermal
stability, with growth temperatures up to ~ 100° C higher
than for In-face growth (Xu and Yoshikawa, 2003).

Unintentionally doped In-polar InN films have been
realized with room temperature electron mobilities as
high as 2900 cm*/Vs and free electron concentrations as
low as 2.3 x 10" cm™. Figure 1 shows the optical
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Fig. 1. (a) PL spectra and bandgap from fit to
absorption data in InN; (b) Comparison of bandgap
energy, peak PL emission energy and residual
compressive strain as a function of InN thickness;
(c) Extrapolation of bandgap to zero strain.



properties of an unintentionally doped InN thickness
series evaluated at room temperature by CW reflectance,
transmission, and photoluminescence (PL) measurements.
The absorption coefficient was calculated from the
reflectance and transmission data, and its square is plotted
versus photon energy to determine the direct bandgap of
the InN. Figure la shows representative results for a 2.7
pm thick sample. The intercept of the linear fit with the
energy axis provides a bandgap of 0.654 = 0.002 eV. The
PL peak was Stokes-shifted by 20 meV to 0.634 eV,
implying that the emission emanates substantially from
the bandtail states. Figure 1b compares the bandgap
obtained from the fit described above, the PL peak
energy, and the residual compressive strain (as measured
by HRXRD) for the InN film thickness series. The
bandgap decreased from 0.662 £ 0.004 eV to 0.648 = 0.01
eV as the film thickness increased from 0.68 to 5.45 um,
most likely due to the reduction in residual compressive
strain. A similar shift in PL peak energy, from 0.64 eV to
~ 0.635 eV, is observed with increasing thickness. This
shift may be less pronounced because the absorption
depth of the 900 nm excitation laser is much smaller
(~200-300 nm) than the thickness of most of the InN
films. Figure 1c shows a linear fit to the relation between
the bandgap and the strain. Extrapolation of the bandgap
data to zero strain using the deformation potential for InN
(4.1 eV) obtained from the slope of the line provides an
unstrained bandgap of ~0.63 eV. Similar data has also
been obtained on optimized N-face InN films. The
electron mobility as high as 2370 cm?/Vs is almost a
factor of two higher and the corresponding bulk carrier
concentration of 2.8x10'" ¢m™ is nearly one order of
magnitude lower than those reported for the best MBE
grown N—face InN (Xu and Yoshikawa, 2003). Optical
measurements provide a bandgap of 0.651 eV, with PL
peak emission at 0.626 eV, both among the lowest
reported values for N-face InN.

3. THZ EMISSION FROM HIGH QUALITY
INDIUM NITRIDE

The THz measurements were performed using the
experimental set-up shown in Fig. 2. The output of the
Ti:sapphire regenerative amplifier (RegA) at 800 nm is
split into two beams. The stronger beam is frequency
doubled to serve as the pump source for an optical
parametric amplifier, which generates a tunable infrared
pulse (0.9-2.6 um) in the idler beam. The infrared beam,
after compression with a prism pair to typical pulse
widths of approximately 150 fs, is then incident on the
InN sample at 45° to the surface normal. The subsequent
terahertz emission is collected with a pair of parabolic
mirrors on to a ZnTe crystal for electro-optic sampling.
The weaker RegA split-off beam is used to probe the
terahertz emission for all excitation wavelengths, as well
as to pump the InN samples at 800nm.

Ti:sapphire laser

delay stage
900nm-1500nm (idler)
RegA/
OPA “E’
800nm chopper THz emission
parabolic
mirrors
to lock-in P
amplifier
WP M4 ZnTe X
balanced
detectors pellicle

Fig.2. Experimental set-up for generation and
detection of THz radiation.

Preliminary measurements of terahertz emission from
InN thin films deposited on GaN buffers on sapphire
using fs pulse excitation at 800 nm have been performed
(Ascazubi et al.,, 2004). The THz signal from the InN
surface was of the same order of magnitude as that from
p-type InAs, one of the strongest semiconductor surface
emitters of THz radiation. We have extended these
measurements to include wavelength- (800 to 1500 nm)
and background carrier-dependent studies of the THz
emission from InN thin films. Figure 3a shows the typical
time-domain waveforms of the THz emission normalized
to pump and probe power from bulk n-InN excited with
800 nm and 1500 nm fs pulses. The amplitude spectrum
in Fig. 3b corresponds to the temporal waveform using
800 nm in Fig. 3a. The spectrum peaks at ~ 1 THz, with
sharp dips due to atmospheric water vapor. A plot of
systematic measurements of THz emission from n-InN at
excitation wavelengths from 800 nm to 1500 nm is
displayed in Fig. 3c. Only a weak dependence on pump
wavelength is observed, with the signal dropping by less
than a factor of 4 over this spectral range.

Further insight into this data can be obtained by
modeling using a  one-dimensional ~momentum
conservation and relaxation equation

AR (eE KT anj J
—elpn—4+——"— |-

with a k-dependent effective mass m* to simulate the sub-
ps electron current density J,. The parameters e, n, E, T,
and 7 are the elementary electric charge, carrier
concentration, electric field, carrier temperature, and
momentum relaxation time, respectively. Photo-generated
and background electron currents are calculated
separately due to their different carrier temperatures. Both



the photo-generated and background hole currents are
calculated using drift-diffusion equations assuming their
temperatures are invariant at room temperature. The
emitted THz signal is then calculated as the volume
integration of the time derivative of the total current
density.

From this model we have determined that the
dominant mechanism for THz generation in bulk InN is
the current associated with the diffusion of the photo-
generated electrons at elevated electron temperature
(photo-Dember effect) and the redistribution of the
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Fig. 3. (a) Time-domain THz signal from InN excited
by 800 nm and 1500 nm fs pulses; (b) amplitude
spectrum after FFT of the termporal waveform using
800 nm pulses; (c) Pump wavelength dependence of
THz amplitude.

background electrons under drift. As the excitation
wavelength  increases, the photoexcited electron
temperature decreases by a factor of 5, thereby lowering
the THz amplitude. However, the photon number
increases by a factor of 1.9 as the excitation wavelength
increases, enhancing the THz amplitude. The combination
of these effects leads to the weak dependence on
excitation wavelength observed in Fig. 3. In addition, the
measured THz amplitude from n-InN is smaller than that
from p-InAs due to larger screening from the higher
mobility electrons as compared to holes. For example, at
the fixed bulk carrier concentration of 10" c¢m , the
calculations in Fig. 4 show that the THz amplitude from
p-InN would be more than an order of magnitude larger
than from n-InN. Moreover, the measured normalized
THz amplitude from InN shown in Fig. 4 decreases by
about one order of magnitude as the bulk carrier
concentration Ny increases by one order of magnitude.
Although there are several other effects which contribute
to the THz amplitude, including photo-excited electron
temperature, mobility, absorption, and carrier lifetime,
screening from carriers appears to be the dominant effect.
There is no discernable difference between the In- and N-
face InN samples, as expected for the improved
crystalline quality and concomitant low background
electron density and high mobility for both polarities.

4. CONCLUSION

InN and InN/InGaN nanostructures are promising
materials for THz sources pumped by low cost 1550 nm
fs fiber and CW lasers because of their combination of
small bandgap, large saturation velocity and intervalley
spacing, and ability to support MV internal electric fields
based on spontaneous polarization. Time domain THz
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Fig. 4. Background carrier density dependence of THz
emission from InN.



spectroscopy shows only a weak dependence of the THz
signal on pump wavelength, dropping by less than a factor
of 4 in moving from 800 nm to 1500 nm excitation.
Modeling shows that the dominant mechanism for THz
generation in bulk InN is the current associated with the
diffusion of the photo-generated electrons at elevated
electron temperature (photo-Dember effect) and the
redistribution of the background electrons under drift,
with larger screening from the higher mobility electrons
as compared to holes. While these studies indicate that
InN can approach the performance of the best bulk
semiconductor THz  emitter, p-InAs, through
compensation/p-type doping, manipulation of the large
internal electric fields in InN/InGaN nanostructures
should enable significant improvements in THz emitters.
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What Is terahertz?
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Fast Output
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Fiber Lasers for THz
Generation

Fiber could enable remote delivery
and detection of THz radiation:

— Sensing in hazardous or difficult
to reach places

— Enhanced mobility of THz
probe

Smaller, lighter, cheaper, more
robust than tabletop laser systems

CW telecom lasers available

Photomixer efficiency increases as
A2 (~ 4 x at 1550 nm)

Problem: Existing THz systems
work primarily at 800 nm.

Question: Can a material be found
that would enable one to move to
longer wavelengths (1050, 1550
nm) suitable for fiber/telecom lasers
while improving overall system
efficiency?
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Discovery of the true bandgap of InN below 0.7 eV instead of ~ 2 eV has led to
the possibility of devices in the fiber/telecom laser spectral region.



Why InN?
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order of magnitude larger than arsenide or
antimonide quantum wells (up to 3 MV/cm)

Electric Field (KV/cm)

1000
Wldth (nm)

« Higher saturation velocity, larger intervalley
spacing, and higher breakdown predicted for InN
will lead to higher efficiency photomixers



Initial InN Growth and

Characterization
ARL E038 ~ 0.87 um InN/GaN template GS2050 (Cornell) ~7 um InN/ GaN buffer
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PL (meV)

Energy [eV]

Improved In-face and N-
face InN with UCSB
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eUnstrained bandgap estimated at ~ 0.63 eV
*PL emission redshifted by 15 to 20 meV
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Electron accumulation layer &3

in INN

* Fermi-level pinning above E_
— band bending
— electron accumulation from donor-type surface states

air semiconductor
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Accumulation Layer and
Bulk Electron Densities

Npuik = (Gsheet'csurface)/ d
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Terahertz emission from

INN
_ Fourier transform of
Time-resolved pulse time-resolved pulse
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* spectral dips due to H,O absorption



THz amplitude (a.u.)

1 InN (x20)

1 InN (x10)

P eon s T A e A

n 1500nm
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\.

|
-2

0 2 4 6

time (ps)

INN ~10x smaller than InAs

— InAs is p-type (compared
to n-InN)

— InAs has low doping

(~101%cm-3 compared to
~10% cm3 for InN)

THz amplitude for 800 nm
and 1500 nm cases
comparable



Wavelength dependence
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THz amplitude decreases
with diminishing photo-
excited electron temperature
(as A increases)

But THz amplitude
iIncreases with increasing
photon number (as A
Increases)

InAs (E,=0.36eV) — overall
decrease by <2

InN (E,=0.66eV) — overall
decrease by <4



Bulk carrier concentration
and mobility dependence
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Hall mobility (cm?3/Vs)

N-face and In-face InN have similar

dependence on n,

THz power decreases as n,

Increases

Difficult to grown low n,
(< 107 cm®) InN films

N-face and In-face polarities show
similar dependence on mobility

THz amplitude increases with mobility



Terahertz generation mechanism

® photo-Dember effect - difference between carrier mobilities

« screening due to background or bulk carriers ng
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Calculations

oJ, eE kT on) J,
=€ n + ——0
ot m* m¥* oX T

e k dependent effective mass

 Photo-generated and background electron currents calculated separately due
to their different carrier temperatures

 Both the photo-generated and background hole currents calculated using drift-
diffusion equations assuming their temperatures were invariant at room
temperature

 The emitted THz signal calculated as the volume integration of the time
derivative of the total current density.



Discussion

e The dominant currents are the diffusion of €
the photo-generated electrons at elevated 2 T

s trilg £ 7 o InN dat 3
electron temperature and the redistribution : e
of the background electrons under drift F - —intlicalculations
» Wavelength Dependence: wavelength 5 T
IncreaseS’ phOton number Increases’ 700 | 8[I]O | QEIJO I1OIOOI1'IIOOI12IOOI13IOOI’I4IOOI15IOOI1600
electron temperature decreases, more for wavelength (nm)
InN than InAs T
 THz amplitude from n-InN is about an E e, \
order of magnitude smaller than from p- B a3 -
InAs due to larger screening from the 3 RN
higher mobility electrons as compared to E | ~_ . ]
holes, as well as the higher background ¢ DI NS
electron density. T
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Comparison of THz from
INN/INnGaN MQW and bulk InN
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* MQW THz signal is larger than bulk InN signal for 800 nm pumping, but
decreases more with increasing wavelength

« MQW THz signal increases relative to bulk InN signal for decreasing 800 nm
pump power



Model
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* Background electron charge localized in triangular potential — less screening
of THz

* For long wavelength pumping photoexcited electron drift in the barrier region
opposes diffusion



Summary

 There Is a strong military need for compact, field
deployable THz generation and detection systems
with higher efficiency sources

 Fiber-based fs and CW telecom Lasers are attractive,
but operate at different wavelength than existing
systems

* InN and InN/InGaN quantum wells and photomixers
have strong potential for efficient THz emission at
1550 nm using both pulsed and CW approaches.
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